campal synapses (Shi et al., 2001 ). In the CA1 region of the hippocampus, the incorporation of GluR2/3 heteromeric receptors into synapses has been reported to be activity independent. This is in contrast to the synaptic incorporation of GluR1/2 heteromeric receptors, which is regulated by activity (Shi et al., 2001) . According to this model, the role of GluR2 in dynamic synaptic regulation is to replace the actively recruited GluR1/2 heteromers with GluR2/3 heteromers and thus allow for the maintenance in the enhancement of postsynaptic sensitivity following certain stimuli. In addition, GluR2 has been proposed to be a key subunit mediating AMPA receptor fate in recycling or degradation following internalization .
Recently, a form of plasticity was described at cerebellar granule cell-stellate cell synapses in which the calcium permeability of AMPA receptors is dynamically regulated (Liu and Cull-Candy, 2000; Liu and CullCandy, 2002). Under resting conditions, the synaptic receptor population is predominantly inwardly-rectifying calcium-permeable receptors; however, 50 Hz stimulation of the granule cell axons induces an exchange of these receptors for less-rectifying calcium-impermeable receptors, presumably by replacement of the GluR2-lacking receptors by GluR2-containing receptors. Regulation of the GluR2 content at synapses will have profound effects on the properties of synaptic re- lular peptide perfusion techniques to disrupt GluR2 protein-protein interactions and several knockout and knockin mice that alter AMPA receptor and AMPA rewhile the amplitudes at +40 mV increase ( Figure 1A , ceptor interacting protein function, we have found that right), resulting in a significant increase in the rectifica-PICK1 and NSF are necessary for activity-dependent tion ratio (I +40 /I −60 ) of the evoked synaptic currents changes of synaptic GluR2 content. In addition, we ( Figure 1C ). This change in rectification indicates that found that PICK1 is also important for creating extrathere is an increase in calcium-impermeable GluR2-synaptic plasma membrane pools of GluR2-containing containing receptors at the synapse. The decrease in receptors that may be mobilized to the synapse duramplitude at −60 mV is likely due to the fact that GluR2-ing CARP.
containing , 2002) . Consistent with these previous results, perfusion of the NSF-specific peptide for 30 min led to a small decrease in the EPSC amplitude at +40 mV (81% ± 7% of t = 0 value, n = 5, p = 0.18); however, in contrast, the peptide had a large significant increase in the EPSC amplitude measured at −60 mV (136% ± 19% of t = 0 value, n = 5, p < 0.05) (Figure 2A ). These changes in amplitude resulted in a significant decrease in the rectification ratio at 30 min compared to a control peptide (61% ± 7% of t = 0 value, n = 5, p < 0.05) ( Figure  2B ). These data indicate that the NSF-specific peptide has the opposite effect of HFS and causes a decrease in GluR2-containing receptors at the synapse and a compensatory increase in GluR2-lacking receptors at the synapse. No significant change in rectification was observed with a control NSF peptide (101% ± 11% of t = 0 value, n = 3, p = 0.53; amplitude at −60 mV, 95% ± 10% of t = 0 value, n = 3, p = 0.62; amplitude at +40 mV, 101% ± 5% of t = 0 value, n = 3, p = 0.97). Moreover, perfusion of the NSF-specific peptide completely blocked the HFS-induced change in the rectification ratio, indicating that CARP was severely inhibited by the NSF-specific peptide (the rectification ratio at 30 min post-HFS relative to pre-HFS was 99% ± 8%, n = 4) ( Figure 2C .). NSF and the clathrin adaptor protein AP2 have recently been shown to interact with a similar region of GluR2 (Lee et al., 2002) . However, perfusion of an AP2-specific peptide did not result in a significant change in the rectification ratio or current amplitudes (data not shown). These data suggest that the GluR2-NSF interaction is critical for maintaining synaptic GluR2. In addition, the interaction is important for the activity-dependent changes in synaptic GluR2 and calcium permeability of AMPA receptors. To examine the role of protein interactions with the extreme C termini of GluR2 subunits in regulating the synaptic GluR2 content, we included small (15 amino acids) peptides containing the PDZ ligand of the GluR2 subunit in the patch pipette to disrupt GRIP1/2 and PICK1 interactions with GluR2. Three types of GluR2 peptides were initially used (see Experimental Pro- 3A-3C ). In order to specifically investigate the functional role of the binding between the GluR2 C terminus and PDZ domain-containing proteins, we generated mutant mice in which the last seven amino acids of GluR2 (GluR2D7) are eliminated by introducing an artificial stop codon using knockin techniques ( Figure 4A ). This mutation disrupts the interaction of GluR2 with PICK1 and GRIP (Xia et al., 1999; Dong et al., 1997). An additional nonsense mutation of a BglII restriction enzyme site was introduced to verify both homologous recombination and introduction of the seven amino acid deletion (Figure 4B ). Western blots of cerebellum from the GluR2D7 mutant mice show that the expression of AMPA receptor subunits (GluR1-4) is not affected. However, GluR2 cannot be detected using an antibody specific for the To more directly test a role for PICK1 in the baseline cells by HFS. As shown in Figure 6A , following HFS, the GluR2D7 mice showed no increase in the rectification and dynamic regulation of synaptic GluR2 in stellate cells, recordings were made from PICK1 −/− mice and ratio, indicating that CARP does not occur in these mutant mice. The rectification ratio following HFS in compared to wild-type littermates. PICK1 knockout mice were generated using the targeting vector for conGluR2D7 mice was 96% ± 7% of baseline compared to wild-type littermates, which showed a significant inditional knockout mice as shown in Figure 5A . After germline transmission, the exon3 and neo cassette crease to 135% ± 3% of baseline. This difference in CARP was highly significant (p << 0.01). These results were eliminated by breeding to CMV-Cre transgenic NSF has been shown to regulate the interaction of GluR2 and PICK1 in vitro (Hanley et al., 2002) , suggesting that PICK1 and NSF might interact in controlling synaptic GluR2. We examined whether peptides that disrupt GluR2-NSF interactions were effective in the PICK1 −/− mice. Indeed, perfusion of the NSF-specific peptide had no effect on the amplitudes of evoked currents at -60 mV (percentage of t = 0: 101% ± 2%, n = 5, p = 0.88) or +40 mV (percentage of t = 0: 103% ± 5%, n = 5, p = 0.36) or rectification ratios (percentage of t = 0: 102% ± 5, n = 5, p = 53) in PICK1 −/− mice recorded over a 30 min period ( Figures 7C and 7D) . These results suggest that in the PICK1 −/− mouse there is a functional (Figure 6B) , and in fact, there was a highly reproducible decrease (p < 0.01) in the rectification raa higher rate of basal endocytosis than do GluR2-containing receptors and that GluR2-containing receptors tio. These results indicate that the activity-dependent regulation of GluR2 trafficking to the synapse is seare basally introduced into the synapse at a slower rate than GluR2-lacking receptors. However, blocking dyverely disrupted in the absence of PICK1.
CARP Is Absent in GluR2 Knockin
Interestingly, the effect of perfusion of the GluR2 PDZ namin-dependent endocytosis had no effect on CARP compared to no-peptide controls (rectification ratio ligand peptide (SVKI) on baseline EPSCs and rectification ratio in wild-type mice described above was not percentage of t = 15: 152% ± 9%, n = 5, p = 0.47) ( 
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